Abstract: For concrete structures exposed to frost attack, cracks or microcracks induced by 5 freeze-thaw cycling can format interconnecting flow paths and allow more water or chloride ions to 6 penetrate into the bulk concrete. It will subsequently facilitate further deterioration of concrete 7 structures and accelerate the corrosion of embedded reinforced steel bars. Moreover, in reality most 8 concrete structures are rarely fully saturated, so that chloride transportation in unsaturated concrete 9 must be studied with respect to the water moving process in order to cover the real existing service 10 conditions. In the current work, a numerical simulation method based on the mesoscale composite 
Introduction

28
Degradation of concrete structures has attracted more and more attention in recent years although 29 concrete was once treated as a durable maintenance-free construction material. The deterioration 30 mechanism of concrete facilities can be summarized as carbonation, sulfate and chloride attack, 31 freezing-thawing cycles (FTCs), and so on. Generally, in the ingressive environment, penetration of 32 chloride ions through concrete cover is a major factor affecting the durability of reinforced concrete 33 structures because it can result in corrosion of the reinforcing bars (Boddy et al. 1999) . Furthermore, 34 water-filled pores and the other is the diffusion of chloride ions in water-filled pores. It has been 48 shown that the transport of chlorides by capillary suction makes greater contribution than by 49 diffusion in the partially saturated concrete (Lunk 1998 ; Nagesh and Bhattacharjee 1998), since 50 under this condition the diffusion is a quite slow process in comparison with the capillary suction. 51 This has already been confirmed by some experimental findings. For example, Nielsen and Geiker can be partly attributed to the alternate wetting and drying which result in high chloride and oxygen 58 content. To properly describe the deterioration process of reinforced concrete structure under the 59 unsaturated condition, the chloride ingress by capillary absorption must be taken into account. 60 In addition, water penetration depth significantly depends on the characteristics of porosity in 61 the surface layer of concrete, including the pore diameter and distribution, and the pore continuity 62 and tortuosity (McCarter et al. 1992; Kelham 1988) . When subjected to freeze-thaw cycling, 63 concrete deteriorates through a variety of physical and chemical process, which will result in 64 cracking, and subsequently increase the porosity of concrete. It has been widely realized that the 4 existence of cracks in concrete can significantly modify the transport properties of the material . Therefore, in a cold and ingressive environment, it is necessary to properly take 72 into account the internal cracking or damage of concrete caused by freeze-thaw cycling in order to 73 realistically estimate the reduction of bearing capacity of RC structural members and then to predict 74 their durability and life-cycle performance. The mechanical behavior of frost-damaged concrete has 75 been successfully simulated by means of a mesoscale numerical model ). However, 76 few works have been done to investigate the agents moving process and mechanism in 77 FTC-damaged concrete, especially under the unsaturated condition. 78 In the present paper a lattice network model in mesoscale is proposed which is able to simulate 
99 in which C f is the free chloride concentration in kg/m Θ s , respectively; x is the space coordinate in concrete perpendicular to the exposed surface.
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Obviously, θ can be written as: (in some   126 experiments, lower than 105C), so that, in this case Θ i is close or equal to zero. The saturated state 127 is reached by direct contact with an unlimited supply of water, which is approximately equal to the 128 volume fraction porosity (Hall 1989) . Apparently, the porosity of a material is an important 129 parameter to influence the total water volume when exposed to the water source. Additionally, in 130 the current study, the difference of diffusivity between salt solution and pure water is neglected 7 implying that D w (θ) is independent of the solute concentration. 132 As has been pointed out, in absorption tests on capillary suction of NaCl solution, the speed of 133 the chloride ions ingress is lower than the speed of water due to the filter effect of the cement paste, 134 which is also called the retardation effect. This effect can be characterized by a retardation 135 coefficient R, defined as (Lunk 1998 The first model was developed by Saetta et al. (1993) , using an S-shaped curve to account for 156 the effect of relative humidity, RH, on the chloride diffusion coefficient, which can be expressed as: Eq. (9). Thereafter, Eq. (7) with RH c =83% will be adopted in the subsequent analysis.
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Combined formulation of convection and diffusion
183
Therefore, the total flux of chloride mass can be written as:
Considering the mass balance of chloride ions in an infinitesimal volume of concrete, the following 186 equation can be obtained:
By substituting Eq. (10) into Eq. (11) and applying Eq. (2), the governing equation for chloride 189 ingress in a 1-D case can thus be expressed as
Rearranging Eq. (12), one can obtain
The first term in the right-hand side of Eq. (13) represents the convection effect, i.e. chloride ingress 194 caused by water movement and the second term describes the diffusion process due to concentration 195 gradient. Water movement due to capillary absorption is usually described as follows:
Thus, Eq. (13) can be written as: , the partial differential Eq. (14) can be reduced to an ordinary boundary-value problem 219 (Lockington, et al. 1999 ):
with θ=1 for =0, and θ=0 as .
222
The functional relationship between D w and  is strongly non-linear, which is commonly 223 approximated by the exponential-law (Hall 1989 (in which Δw is the increase in weight, A the cross-sectional area and ρ w the density of water). 
In this study, a standard pseudo-random number generator is used to produce probabilities from In the past few years, it has been proposed that on the mesoscale level, mass transport in concrete 
is not considered due to the 2-D analysis nature. Therefore, in the present approach, the crack depth 288 perpendicular to mass moving direction is assumed to be same with thickness of the specimen, 289 which was usually set as unit thickness. As a result, the lattice elements along cracks will be given The use of an irregular lattice network for the description of water movement in uncracked 295 concrete has been successfully implemented (Wang and Ueda, 2011 ). In the current work, the effect and top surfaces of the specimen are treated to be exposed to chloride solution and to fully dried 330 atmosphere respectively, whereas the two side surfaces are completely sealed. In terms of the above 331 drying procedure and thin thickness of the slice, the sample can be assumed to fully dried before 332 contacting to water solution. As a result, the initial and boundary condition for transport of capillary 333 water are taken as follows: (x)=0.0, for t=0; (x b )=1.0, for t>0; x b is the coordinate of the nodes of 334 lattice elements that are exposed to the solution. It implies that on the exposed surface, concrete is 335 assumed to be fully saturated. Therefore, the chloride concentration on the exposed surface was 336 determined as 4.8610 entrained concrete (w/c=0.5) in a climate chamber. In this experiment, the strain variation, defined 383 as the plastic tensile strain, was measured during the freezing-thawing process and regarded as the 384 evaluation of damage degree. Therefore, for the purpose of application of numerical models, it is 385 necessary to convert the above test measurements into the cracking information.
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For a prismatic specimen with the initial size of V 0 =L 1 ×L 2 ×L 3 , the increase length of each side 387 due to freeze-thaw cycling is set as ΔL 1 , ΔL 2 and ΔL 3 , then the increased volume ΔV may be 388 calculated as:
Then the ratio of volume increase is written as:
Here, a uniform assumption is typically given that freeze-thaw cycling may cause the same 393 expansion along each direction. Thus the above equation can be written as: 
The volume increase and plastic strain derived from experimental data (Hasan et al. 2004 ; 400 Jacobsen et al. 1996) based on Eq. (26) are given in Table 2, together with their originally measured   401 results.
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From Table 2 it can be observed that results from the two tests differ too much up to an 403 order-of-magnitude variation. The most significant reason seems to be attributed to the different 404 freezing-thawing process and deformation measuring method as explained above. However, it 405 should be noted that in Jacobsen et al.'s experiment, not only the volume increase was measured but 406 also the crack density and crack width were also evaluated with the scanning electron microscope 407 (SEM). Further more, the calculated crack width using the measured volume increase, as shown in 408 Table 2 , was proved to be in good accordance with the SEM observation (Jacobsen et al. 1995) . And 409 recently, a similar crack width magnitude order was also observed by using the SEM technology 410 (Yang et al. 2006) . Therefore, in this study, the width of FTC-induced cracks will be determined 411 based on experimental data obtained by Jacobsen et al. (1996) . 412 In addition to the crack width, observation with SEM reveals that after freeze-thaw exposure, 413 cracks mostly occur in the interface between cement paste and aggregate (Jacobsen et al. 1995; 414 1996; Yang et al. 2006 ). Based on this fact, in the lattice network model, all the cracks are assumed 415 to be present around the coarse aggregates and the cross-sectional area of lattice elements on the 416 ITZs (see Fig. 4 ) will be adjusted according to the crack width. And then the corresponding 417 diffusivity of water and chloride through these elements will be determined using the approach in FTCs, as well as that without damage, is shown in Fig. 10 . It is noted that at the same value of 456 Boltzmann variable, the water content has a notable increase after subjected to freeze-thaw cycling. 
Summary and Conclusions
465
In the present paper, a numerical simulation approach in mesoscale with the lattice network model 466 is reported to evaluate the chloride ions penetration process within unsaturated concretes before and 467 after subjected to the freezing-thawing cycles (FTCs). The following conclusions can be drawn: Res., 33(7), 1021-1028. 
